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CORRELATION OF PHYSICAL PROPERTIES WITH MOLECULAR STRUCTURE FOR
SOME DICYCLIC HYDROCARBONS HAVING HIGH THERMAL-ENERGY
RELEASE PER UNIT VOLUME!®

By P. H, Wisg, K. T. Seruwax, and I. A. GoopMax

SUMMARY

As part of a program to study the correlation between molecular
structure and physical properties of high-density hydrocarbons,
the met heats of combustion, melting points, boiling points,
densities, and kinematic viscosities of some hydrocarbons in
the 2-n-alkylbiphenyl, 1,1-diphenylalkane, o, w-diphenylalkane,
1,1-dicyclohexylalkane, and a,w-dicycloherylalkane series are
presented. Comparisons are made on the following three bases:

1. Az members of an homologous series in which the com-
pounds have similar structures and differ in molecular weight

2. As isomers with the same molecular weight and molecular
formula but different molecular structure _

8. As compounds with the same carbon skeleton but different
molecular formulas due to hydrogenation of the aromatic rings

The three series of aromatic hydrocarbons, 2-n-alkylbiphenyl,
1,1-diphenylalkane, and a,w-diphenylalkane, did not show
great differences in heat of combustion per unit rolume. These
series areraged 20 percent higher than typical aircraft fuels of
AN-F-68 specification with respect to this property. The two
geries of dicyclohexyl hydrocarbong, I11-dieyclohexylalkane
and a,o-dicyclohexylalkane, had somewhat lower heats of com-
bustion, but still areraged about 13 percent higher than
AN-F-58 fuel.

Each series followed 1its own characieristic pattern in the
relation of melting point and structure. The general trend
was toward lower melting poinis by addition of a side chain fo
the parent hydrocarbon. With two exceptions, the dieyclohexyl
compounds melted af lower temperatures than the analogous
aromatic hydrocarbons.

The molecular weight had a greater influence on boiling point
than the molecular structure. The a,w-diphenylalkane series,
however, showed a more rapid rafe of inerease in boiling point
with tnereasing molecular weight than the other series of aromatic
kydrocarbons.

In these three closely related homologous series of aromatic
kydrocarbons, the molecular weight had a greater effect on ris-
cosity than the molecular structure when the substituent groups
were all normal alkyl in type. The cyclohexyl derivatives had
viscosities 40 to 200 percent higher than the analogous aromatic
hydrocarbons.

INTRODUCTION

High-speed aircraft are volume-limited because of the de-
sign requirements of thin wings and small fuselages; the fuel-
storage space is therefore restricted. In evaluating fuels
for such aircraft, one of the important properties is the heat
of combustion per unit volume. Fuels with high heat of
combustion per unit volume would be valuable in providing
increased flight range.

A survey of the literature pertaining to properties of hydro-
carbons was therefore made at the NACA Lewis laboratory
with particular emphasis on the heat of combustion per unit,
volume. The hydrocarbons were compared as homologous
series to determine which features of molecular structure
might be expected to be associated with high heat of com-
bustion per unit volume. The net heats of combustion of
the normal paraffin, normal alkylcyclohexane, and normal
alkylbenzene hydrocarbons of seven to fourteen carbon
atoms vary from 824,000 to 977,000 Btu per cubie foot.
For an equivalent number of carbon atoms, the comparison
of net heat of combustion is: n-alkylbenzene >n-alkyl-
cyclohexane™>n-paraffin. It is evident that a ring structure
increases the heat of combustion per unit volume and that
the unsaturated ring in benzene has an advantage over the
saturated eyclohexane ring. These values of net heat of
combustion were calculated from data obtained in references
1 end 2.

Compounds from these three homologous series are prin-
cipal constituents of the aircraft fuels AN—-F-—48, AN-F-32a,
and AN-F-58, which are currently used and are deseribed
by the specifications in references 3, 4, and 5, respectively.
Fuels that were purchesed under these specifications and
used at the Lewis laboratory were found to have the follow-
ing values of net heat of combustion: AN-F-48, 823,000;
AN-F-32a, 960,000; and AN-F-58, 894,000 Btu per cubic
foot. These values vary depending upon the source of
supply; they have been arbitrarily chosen, however, as a
standard for comparing the hydrocarbons discussed herein.

The advantage of an aromatic ring in & molecule led to
the investigation of the properties of biphenyl, diphenyl-
methane, and naphthalene. Each of these compounds has
two aromatic rings per molecule, and the net heats of com-
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bustion (references 1 and 2) are 1,096,000; 1,110,000; and
1,210,000 Btu per cubic foot, respectively. These values
represent an average increase of 30 percent over AN-F—48,
15 percent over AN-F-32a, and 20 percent over AN—-F-58.
On the basis of heat of combustion, these three hydrocarbons
would be desirable fuels; however, they have relatively high
melting points and are unsuitable for use as liquid fuels. If
the introduction of various alkyl groups into these hydro-
carbons would sufficiently lower the melting points without
reducing the heat of combustion per unit volume, & superior
fuel would be obtained. The datae on many of these alkyl
derivatives are incomplete and in some cases inaccurate;
consequently, they cannot be used as a basis for a reliable
analysis of the usefulness of these high-energy hydrocarbons
s aircraft-engine fuels.
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FiaurE 1.—Structure of hydrocarbons.

An investigation was therefore undertaken at the Lewis
laboratory during 1945 to determine the effects of systematic
elteration in structure of dicyclic-aromatic-type molecules on
the following important properties of the fuel: net heat of com-
bustion per unit volume, heat of combustion per unit weight,
melting point, boiling point, and viscosity.

Comparisons are made on the following three bases:

1. As members of an homologous series in which the com-
pounds have similar structures and differ in molecular
weight

2. As isomers with the same molecular weight and molec-
ular formula but different molecular structure

3. As compounds with the same carbon skeleton but
different moleculer formulas due to hydrogenation of the
aromatic rings

METHOD AND APPARATUS

The compoundsdiscussed represent five homologous series of
hydrocarbons; namely, the 2-n-alkylbiphenyl; 1,1-diphenyl-
alkane; 1,I-dicyclohexylalkene; «,w-diphenylalkane; and
a,w-dicyclohexylalkane series. The structures of these
hydrocarbons are illustrated in figure 1. The normal alkyl
groups illustrated at the bottom of the figure were selected
to study the effect of increasing the chain length of these
substituent groups when they are attached to the parent

hLi-Dicyclohexylalkana

hydrocarbons, biphenyl and diphenylmethane. From di-
phenylmethane two series are developed, the 1,I1-diphenyl-
alkane series by adding the alkylgroupasasidechainattached
to the carbon atom between the phenyl groups and the
a,w-diphenylalkane series by lengthening the chain of carbon
atoms between the two rings.

The saturated, or cyclohexyl, derivatives corresponding to
the aromatic compounds are also illustrated. They are pre-
pared by hydrogenation of the pure aromatic compounds.
It is known that the saturated compounds gencrally hLave
lower melting points and burn with less carbon formation
than the corresponding aromatic hydrocarbons. On the
other hand, saturated hydrocarbons have higher viscosities
and lower net heats of combustion per unit volume than their
aromatic counterparts. Inasmuch as many properties must
be considered in selecting & fuel, it seemed advisable to study
the saturated compounds to determine accurately the extent
of the changes produced by hydrogenation.

Tith the exceptions noted in the tables of properties, the
compounds were synthesized and purified, or purified from
commercial stocks, at the Lewis laboratory; the properties
were then determined. Before final measurement of the
properties was made, precautions were taken to asecertain
that the high purity essential for the accurate study of
properties was attained.

The time-temperature melting curves were determinel
with & platinum resistance thermometer and a G-2 Mueller
bridge with accessory equipment and by methods deseribed
in reference 6, and the melting points were determined from
the curves according to the graphical method deseribed in
reference 7. Densities were determined by use of a gravi-
metric balance according to the method of reference 8, and
the refractive indices were measured with a Bausch & Lomh
precision oil-model five-place instrument. The boiling points
were determined by the use of a platinum resistanece thermom-
eter in an apparatus modified from that described in reference
9. The system was pressurized with dry air from a surge tank
and held at constant pressure by adjusting a continuous
bleed. The kinematic viscosities were determined in visco-
simeters that had been calibrated with National Bureau of
Standards standard viscosity samples H-5, H-7, D-7, or
I-17. The A.S.T.M. procedure of reference 10 was followed.
The net heats of combustion were determined according to
reference 11 in an oxygen bomb calorimeter that had been
calibrated on Bureau of Standards benzoic acid.

The magnitude of the uncertainties is estimated as follows:
melting point, 0.02° C; density, 0.00006 gram per milliliter;
refractive index, 0.0002; boiling point, 0.1° C; kinematic
viscosity, 0.5 percent of determined value relative to 1.007
centistokes for water at 20° C; and net heat of combustion,
=100 Btu per pound, which is equivalent to 10 to 15 kilogram-
calories per mole for these compounds.

The precision of measurements is: freczmg point,
+0.003° C; density, +0.00002 to +0.00003 gram per milli-
liter; reimctive index, 40.0001; boiling point, +£0.04° C;
kinematic viscosity, 0.2 percent of determined value; and
net heat of combustion, 460 Btu per pound.
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DISCUSSION OF RESULTS
3-n-ALKYLBIPHENYL HYDROCARBONS

The physical properties of the 2-n-elkylbiphenyl hydro-
carbons are presented in table I (a) and the heat-of-
combustion data are given in table I (b). The data are
plotted in figure 2. The comparison of molecular structure
with net heat of combustion in Btu per cubic foot for the
2-n-alkylbiphenyl hydrocarbons is shown in figure 2 (a). The
parent hydrocarbon, biphenyl, has the highest value,
1,096,000 Btu per cubic foot. The first member of the
series, 2-methylbiphenyl, is slightly lower at 1,078,000 Btu
per cubic foot. Easch carbon atom that is subsequently
added to lengthen the side chain causes some decrease in
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the net heat of cpmbustion per unit volume, and 2-n-butyl-

e

bipbhenyl with four carbon atoms in the side chain has a .

value of 1,048,000 Btu per cubic foot, which is a loss of 4.3
percent from biphenyl. This value is, however, still 17
percent higher than a typical AN-F-58 aircraft fuel.

The melting- gand boiling-point comparisons of this series
of hydrocarbons are shown in figure 2 (b). Biphenyl melts
at 69.2° C, and each member of the series has a lower melt-
ing point as the molecular weight and side-chain length are
increased. The fourth member of the series, 2-n-butyl-
biphenyl, melts gt —13.71° C, a decrease of 83° C from the
value for biphenyl.

' The boiling-point curve shows the reverse trend, increas-
ing from 255.0° to 291.20° C in the transition from the
parent hydrocarbon to 2-n-butylbiphenyl.

The viscosities of these hydrocarbons at three tempera-
tures are compared in figure 2 (¢c). The trend is the same
as for the boiling point; an increase in molecular weight by
lengthening the side chain is accompanied by an increase in
viscosity. At 0° C (32° F), where the viscosity of biphenyl
cannot be determined because the compound is a solid,
there is an increase of 85 percent from 2-methylbiphenyl
to 2-n-butylbiphenyl. The effect of temperature is even
more pronounced. The average increase in viscosity for the
individual members of the series is 200 percent when the
temperature is Iowered from 98.89° C (210° F} to 37.78° C
(100° F) and about 1300 percent when the temperature is
0° C (32° F) compared with 98.89° C (210° F). No data
were obtained below 0° C (32° F) because most: of these com-
pounds are crystalline solids at temperatures only a few
degrees below this temperature.
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1,1-DIPHENYLALKANE AND 1,1.DICYCLOHEXYLALEANE HYDROCARBONS

The properties of these two series of hydrocarbons are
shown in table II and plotted in figure 3. By using data
from these two series, it is possible to compare compounds
that have like arrangement of the carbon skeleton and
different hydrogen-carbon ratios. The data for the two
series are therefore plotted in the same figures, with solid
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lines representing the aromatic series and dashed lines, the
saturated series.

The net heat of combustion in Btu per cubic foot is com-
pared with the molecular structure in figure 3 (a). Biphenyl
is considered to be the parent hydrocarbon and is compared
with the other members of this series, as was the case with
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the 2-n-slkylbiphenyl hydrocarbons. The ecarbon atom
added between the two rings in diphenylmethane results in
8 2-percent loss in Btu per cubic foot. A small decrease in
net heat of combustion per cubic foot is observed with each
carbon atom that is added to the side chain. The over-all
loss from biphenyl to 1,1-diphenylbutane is, however, only
3.3 percent.

In plotting the dicyclohexyl derivatives, each point indi-
cates the value for the hydrogenated compound with the
carbon skeleton corresponding to that of the aromatic com-
pound immediately below the point on the figure. The
average decrease in net heat of combustion per unit volume
is 5 percent when each saturated compound is compared
with its aromatic counterpart. This decrease is due to the
lower density of the hydrogenated derivatives in comparison
with the aromatic hydrocarbons.

The melting points of these two series of hydrocarbons are
shown in figure 3 (b). The aromatic series shows a consis-
tent decrease from biphenyl (melting point, 69.2° C) to
1,1-diphenylbutane (melting point, —28.4° C) except for one
member, 1,1-diphenylpropane, which melts at 13.3° C. This
melting point is higher than that of the compound preceding
or following it in the series.

The saturated compounds melt at lower temperatures than
the corresponding aromatic hydrocarbons except in the
comparison of the butane derivatives where the saturated
compound has a higher melting point than the diphenyl
derivative.

The boiling points of the two series (fig. 3 (¢)) show &
regular increase with lengthening of the carbon chain. The
difference between analogous members of the two series
decreases with increasing chain length. The first members
of the two series differ about 16° C; the last three pairs
differ 1°to 3°C. The diphenyl compounds have consistently
higher boiling points than the saturated derivatives.

The increase in viscosity due to hydrogenation of the
aromatic nuclei to saturated rings is observed by comparing
the viscosities of these two series in figure 3 (d). The satu-
rated derivatives average 48 percent higher at 98.89° C
(210° F) and 200 percent higher at 0° C (32° F). Both
series show consistent increases in viscosity with increase
in chain Jength.

a,uo-DIPHENYLALEANE AND e,0-DICYCLOHEXYLALKANE HYDROCARBONS

The properties of the two series of «,w-dicyclicalkanes are
tebulated in table ITI and plotted in figure 4. With the
two a,w-dicyclicalkane hydrocarbon series of compounds, it
is agein possible to compare the aromatic and the saturated
derivatives. The data for net heat of combustion are shown
in figure 4 (a). In the aromatic series, a decrease of 3.5 per-
cent in Btu per cubic foot is observed as the carbon chain
between the two rings is lengthened. The values for the
saturated series are quite uniform end average about 5 per-
cent lower then the aromatic hydrocarbons. The saturated
compounds, however, average about 12 percent higher than
an AN-F-58 aircraft fuel on the basis of heat of combustion
per unit volume.

The two series follow similer patterns in melting-point
behavior as the length of the carbon chain is incressed

(fig. 4 (b)). The melting points of the saturated compounds
are consistently lower than those of the corresponding
aromatic hydrocarbons except for the 1,3-dieyclic com-
pounds, in which case the aromatic derivative is slightly
lower.

The boiling-point data for these compounds, shown in
figure 4 (¢), indicate uniform increases in both series as the
carbon chain between the rings is lengthened. The boiling
points of the aromatic compounds are consistently higher
than those of the saturated derivatives with the correspond-
ing earbon skeleton.
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Comparison of viscosities in these series, plotted in figure
4 (d), is necessarily incomplete hecause the aromatic com-
pounds have relatively high melting points and are solids at
several of the temperatures of measurement. The aromatic
compounds are liquids at 98.89° C (210° F), and the vis-
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cosity increases slowly with increasing chain length. At
this temperature, the viscosity values of the saturated com-
pounds average 43 percent higher than the corresponding
aromatic compounds. At the lower tempergtures some data
points are missing, but the trends are the same.

COMPARISON;OP THREE AROMATIC SERIES

The comparisons that have been presented were made on
the basis of homologous series in which the molecular struc-
ture of the individual members of a series differed only by
the length of the aliphatic carbon chain in the molecule.
Each series started from the common parent hydrocarbon,
biphenyl. A comparison of the effect of structure on the
properties can also be made by studymg the properties of
the hydroca,rbons one from each series, that have a common
molecular formula. An example would be those with the
formula CyH,,, that is, 2-ethylbiphenyl, 1 l-dlphenylethune,
and 1,2-diphen ylet,hane In order to make this comparison,
the properties of each series have been plotted in figure 5.
The properties are plotted as the ordinates and the number
of carbon atoms added to the parent hydrocarbon is plotied
a8 the abscissa.

The effect of structure on heat of combustion per unit
volume is shown in figure 5 (a). The ratio of Btu per cubic
foot to the corresponding value for a typical AN-F-58
aircraft fuel (table I, footnote d) is used as the ordinate
rather than the absolute value determined for the com-
pounds. This ratio is a measure of the advantage to be
gained in heat of combustion per unit volume by using fuels
of this type. The 1,1-diphenylalkane series decreased less
rapidly in heat of combustion per unit volume than
the other two series as the carbon chain was lengthened.
None of these series, however, decreased more than 6 percent
from the parent hydrocarbon, and they are all ebout 20 per-
cent higher than AN-F-58 with respect to this property.

The divergent behavior of these three series with respect
to their melting pomts is illustrated in figure 5§ (b). The

- 2-n-alkylbiphenyl series has increasingly lower melting points

as the side chain is increased in length. The other series
are characterized by alternate lower and higher melting
points as the series are extended.

The curves of figure 5 (¢) show that the molecular weight
has more influence on boiling point than the structure, be-
cause the boiling points are quite closely grouped. The
a,c~diphenylalkane series does show, however, a more rapicd
rate of increase in boiling point with increase in chain length
than the other two series. The boiling point of 1,3-diphenyl-
propane is higher than those of 1,I-diphenylbutane
and 2-n-butylbiphenyl, which have one more carbon atom
per molecule.

The viscosities of the three series of hydrocarbons at the
three temperatures of measurement are plotted in fig-
ure 5 (d). The viscosities depend more upon the muolec-
ular weight than upon the molecular structure in these
closely related series. As the molecular weight increases, the
differences between the viscosity values of the isomers in the
three series diminish.
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SUMMARY OF RESULTS

A study of the variation of properties with change in molec-
ular structure in the homologous series—2-n-alkylbiphenyl;
1,1-dipbenylalkane; «,w-diphenylalkane; 1,1-dicyclohexyl-
alkane; and «,w-dicyclohexylalkane—indicated the following
trends:

1. The net heat of combustion per unit volume decreased
an average of about 5 percent as the molecular weight was in-
creased from the parenthydrocarbon, biphenyl, to 1,3-diphenyl-
propane and to the C,,H sisomers in the 2-n-alkylbiphenyl and
1,1-diphenylalkane hydrocarbon series. All three series
averaged about 20 percent higher than an AN-F-58 aircraft
fuel with respect to this property.

2. In the two series of hydrogenated compounds,
1,1-dicyclohexylalkane and a,w-dicyclohexylalkane, the values
of net heat of combustion per unit volume were somewhat
lower than the analogous aromatic compounds and did not
vary greatly throughout the series. The series averaged
about 13 percent higher than an AN-F-58 fuel.

3. Bach of the aromatic series followed a characteristic
pattern of melting-point variation as the molecular weight
was increased. The general trend was toward lower melting
points as the size of the alkyl substituent was increased,
but exceptions to this general statement were observed in the
a,o-diphenylalkane series and the 1,I-diphenylalkane series.

4. Hydrogenation of the aromatic nuclei to saturated rings
lowered the melting point in all of the cases except two.

5. The boiling points of the investigated hydrocarbons
were influenced more by their molecular weight than by
molecular structure. The a,w-diphenylalkane series, how-
ever, did show a more rapid rate of increase of boiling point
with increase in molecular weight than the 1,1-diphenylalkane
and 2-n-alkylbiphenyl series. The saturated derivatives had
boiling points slightly lower than those of the corresponding
diphenyl compounds.

6. In the three aromatic series, the viscosity increased
uniformly with increase in molecular weight. The viscosity
values of the isomers were nearly equal in many cases; it
was therefore concluded that with the types of molecule
studied the molecular weight influenced viscosity to a greater
extent than did molecular structure. The saturated hydro-
carbons had much higher viscosities than the corresponding
diphenyl compounds, with the increases ranging from ap-
proximately 40 to 200 percent.

7. Of the compounds investigated, 1,1-diphenylbutane

had the lowest melting point, —28.4° C. This ecompound
had a net heat of combustion of 1,059,000 Btu per cubic foot,
which is 18 percent greater than the AN-F-58 fuel selected
for comparison.

Lewis Fricur ProPuLsioN LABORATORY,
NarioNaL Apvigory COMMITTEE FOR AERONAUTICS,
CLEvVELAND, OHIO, June 20, 1949.
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CORRELATION OF PROPHRTIES AND BTRUCTURE FOR SOME DICYCLIC HYDROCARBONS

TABLE I—PROPERTIES OF 2-n-ALKYLBIPHENYL HYDROCARBONS
(a) Physical properties.
[S designates solid et indicated temperatore.]

Melting pofnt Bofting pofat Kinematic viscosity (centlstokes) | Refrac-
‘ Densﬂ:é at tive
Hydrocarbon 20° ; index
(gfm! 98.89° O 87.18° C e C 3
°Q °F *C ¥ QIPF) | 00°F) | G¥F) ®
Biphenyl 69.2 156.6 255.0 4910 104is 0062 8 8 8
2-Me Iblggu -2 31.64 255.30 491, 854 1.01134 10§ 8.18 13.3 1.5014
2-Ethylbip —6.13 20.97 265. 07 510. 75 . 86671 LT 3.4 13.8 1. 5308
2-8-Propylbiphi —11. 28 11.73 277.22 531 00 . 83018 L33 4.44 2.4 L 5696
2-n-Butylbip —I13.71¥ 7.32b| 291.20 556.10 .96763 L4 4.87 4.7 1. 5604
—0.855 | 14.63P
(b} Heats of combustion,
Net heat of combustion. Ratio to AN-F-58
Hydrocarbon
kealmole | Btu/b | Btufenft elght Yolame
Biphenyl . 16,850 L 096 X 10¢ 0.005 1.225
2—Meth%lblphany1 17,100 1.078 .918 1.205
2-Ethylbf 17, 176 Lo&e .22 L1085
2-n-Propy. 17,300 L1058 920 1.182
2-2-Batylbip 17,876 1048 .88 1171
= Reference 2.
b Two different erystalline modifications.

o Based on experimentally determined value of 18,625 Btu/lb for fuel vsed at Lewis Ia

boratory.
4 The value of 884,000 Btufeu ft for AN-F-58 was calculated from the value in footnote ¢ using the experimentally determined value of 0. TBO for the specifle grevity of the fuel,

TABLE II—PROPERTIES OF 1,1-DICYCLICALKANE HYDROCARBONS

(s) Physical properties.
[S designsates solid at indfeated temperature.]

Bolling point
Melting point at 760 mm Deasity at Kinematie viseosity (centistokes) | popae.
Hydrocarbon 20"% Ig;:x
o | w oo | oor | O mrg | mEo | B89
Diphenylalkanes
Biphenyl. . o 60.2 158.8 255.0 491.0 Lofl = 0.692 8 8 8
Diphenylmethane . —_ 25.20 77.36 | 20427 507.69 1. 00592 . 965 222 s 15776
1,1-Diphenylethane . __________ ~18.01 —.43 | 272.63 522.73 . 80961 LI0 2.9 8.02 1.5725
1 l-Dlphenyl ropane. - 13.29 55.02 | 283.22 54180 . 98663 L2 3.72 8 1. 5643
1,1 ~Diphenylbutane__..___.___.___ —23.38b| —10.08 | 204.20 56172 | L8748 138 4.70 24.8 1. 5568
—25.2b | ~I%4 | |
Dicyclohexylalkanes
3.50 38.30; 885 48197 ’ 0. 88604 123 3.07 B 1. 4798
dohexylmethane-- —18.60 —L04} 26277 426,09 | 8846 1.43 410 13.0 L4763
ieyelol —20.88 —5.7 ) LIT 5ALIE | . 86309 L76 5.5 2.8 1 4845
IlDicyclo —~23_46 —=10.23 | 28231 54016 1 . 80290 183 .41 329 1. 4848
1,1-Dieyclol —10.46 13,171 202.97 559.35 | -~ 80021 210 Q.64 88.3 L4843
(b) Heats of comhbustion.
Net heat of combustion Ratlo to AN-F-55
Hydrocarbon
kealimole | Btwlb | Btufemr Telghs Yolume
Diphenylalkanes
Biphenyl. . o 1443. & 16,850« 1 096X106 L2
Diphenylmethane._. 1598. 6 17,050 1070 .916 1.198 *
1,1-Diphenylethane_. .. 1733.8 17,125 1 068 L1%4
1,1-Diphenylpropane.. 1886.5 17,800 1065 .99 1,190
1 I-Dlphenyl Dot d: 1Y S, 2002. ¢ 17,400 L 059 934 1,183
BlcyuloheryL 0.938 1,137
Dic uuu. Aau.u . 980 Lir
Il u.yt..uueu‘ .88 L 150
l-DxL:L. ohexy. .802 1. 149
1,1-Dicyclohexyl .903 1. 148

» Reference 2.
b Two different crystalline modifications.
« Based on experimentally determined walue of 18,825 Biu/lb for fuel used at Lewis iaboratory.
4 The value of 894,000 Btu/cn ft for AN-F-58 was calcuiated from the value in footnote ¢ using the experlmentally
“
determined value of 0.759. for the spectfic gravity of the foel,
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TABLE III—PROPERTIES OF ¢,0-DICYCLICALKANE HYDROCARBONS
(a) Physlical progerties,
[8 designates solid at indicated temperature.]

Boiling point
Melting point at 760 mm Density at Kinematic viscosity (centistokes) Refrac-
Hydracarbon 20° & gggx
o oF oG oF @ml | merc | amec | 0°C ot
216° F) (00°F) | @2°F) D
Diphenylalkunes
Biphenyl. ... e emeeeaee 69, 150.8 255.0 401, 0 1.041 = 0. 802 8 8 8
D phenglmethnne.... . 25.20 77.36 264. 27 507.60 1. 00592 . 065 222 8 L5776
1,2-Diphenylethene. ... ... 5116 124,09 280. 49 536, 88 98890"1 1,14 8 8 8
1,3-Diphenylpropene. . o coeenn- ~20.78 —5.40 208 ¢ 568 « 97072 L3l- 3.04 12,38 1. 5584
1,4-Diphenylbutane. . _.......... 82,27 126.29 815.61 600. 64 S . L49 8 S‘ 8
Dieyclohexylalkanes
Bicyclohexyl 3.50 238, 87 461,97 1.23 3.07 L. 4706
Dlo%cloh Imethane. —18.69 252.77 484. 98 87048 1.43 4,10 13.0 L4763
1,2-Dicyclohexylethane. 11.44 52. 59 274.88 526.88 . L72 5.38 1,475
1 ,&Dleyduhexylgropan —14.80 201 69 557.04 87128 198 6.30 1.4762
| 1,4-Dicyclohexylbutane 11. 62 808.0 588.2 87027 2.19 7.68 1, 4751
(b) Heats of combustion.
Net heat of combustion Ratio to AN-F-58
Hydrocarbon :
kealjmole | Btub ! Btufeu ft Welght Yolume
Diphenylalkanes
Biphenyl. . ooe o] 1443. 5 16,850 = L. 096108 0. 905 1.226
Diphenylmethsane. . . 1603. 5 17,050 1070 L9186 1.198
1,2-Diphenylethane. _ 174L. 5 17, 200 1.061 923 1.186
1,3-Diphenylpropane 1886.5 17, 800 1.057 .029 1.181
1,4-Diphenylbutane. . _..........- | 220829 17,400 (d) - R
Dicyclohexylalkanes
Bicyclohexyl. 1700.0 18, 400 L 017X10% 0.988 1.187
Dicycloh !‘ 1845, 9 18,425 L8 989 1127
1,2-Dicye 1976 | 18s00 | Lot ‘oma L1z
1,3-Dicyel 2158.2 18, 625 1.012 1.00¢ 1131
1,4-Dicyc 2285.7 18, 500 L.00S 993 1123

» Reference 2,

b Extrapolated value from reference 12,

o 8light decomposition at this pressure.

¢ 1,4-Diphenylbutane is a solid at temperatare (20° C) at which density measurements were made, .No value is available In the literature, as in the case of biphenyl and
1,2-diphenyl! ethane.

¢ Based on experimentally determined value of 18,625 Btw/lb for fuel used at Lewlis laboratory.

t The value of 894,000 Btu/cu ft for AN-F-88 was calculated from the volue in footnote ¢ of table I using the experimentally determlined value of 0.760%8 for the specific gravity
of the fuel,



